Potassium ions at low concentrations stimulate cytokinin-dependent betacyanin synthesis in Amaranthus tricolor seedlings more than other alkali metal ions when tested as the chloride salts. The sequence of relative stimulation is K+ > Rb+ > (Na+ = Li'). Calcium and Mg2+ ions are inhibitory at concentrations > 1 mlHimolar when tested as chlorides.
The synthesis of betacyanin in Amaranthus seedlings is a cytokinin-(or phytochrome-) dependent response. Piatelli et al. (26, 27) showed that the response is due to gene activation and new enzyme synthesis as judged by inhibitor studies. The selective regulation of the cytokinin response by K+ and the synergism shown between benzyladenine and fusicoccin (5, 6) , together with known effects of cytokinins on ion uptake (15, 16, 34) , suggests that at least one of the primary sites of the enzyme induction by cytokinins may be located on a cell membrane. The model favored at present is that cytokinins have a direct or indirect effect on ion transport elements leading to increased levels of K+ which in turn lead to metabolic regulation at gene or ribosome level.
In a series of papers from Greifswald (2, 17) , it was reported that KNO3 increased the betacyanin content of seedlings of Amar- anthus caudatus in the light and in the presence of kinetin. Since neither KCI nor NaNO3 promoted betacyanin production, these workers concluded that it was an effect depending on the presence of K+ as well as N03 ions and caused in part by the increased N made available for protein and RNA synthesis.
In Amaranthus tricolor both KCI and NaNO3 promote betacyanin accumulation, although KNO3 is more effective (5) . Phosphate is also a very effective anion and in this paper some of the possible reasons for this result are investigated. Data are also given on concentration response curves for various salts and the speci- 
MATERIALS AND METHODS
Betacyanin Assay. The growing conditions for Amaranthus seedlings and light sources were as previously reported (8) . When germination took place at 37 C, 46-hr germination was best for subsequent benzyladenine-dependent betacyanin synthesis at 25 C (Table I) . Many of the experiments have been repeated using half-seedlings (7) . Unless otherwise stated in the legends, all data in this paper are for whole seedlings.
Test solutions all contained 5 mm tyrosine. Phosphate salts were tested as mixtures of the monobasic and dibasic salts, either Na+ or K+ as indicated under "Results," to give a final pH of 6.3. Other salts were tested either in unbuffered solutions, or buffered in 10 mm HEPES. The HEPES was adjusted to pH 6.3 with tetramethylammonium hydroxide giving a final concentration of 1 pM for the quatemary ammonium ion, which was found to have no effect on the assay when tested as tetramethylammonium chloride up to a concentration of 1 mm. HEPES was used in these experiments as it is a zwitterionic, presumably impermeant buffer, and unlike phosphate and MES, does not chelate polyvalent cations (11) . Experiments in which HEPES and phosphate buffer were used together showed that HEPES had no inhibitory effects in the betacyanin assay. A few experiments were performed at pH 6.8 after it was discovered that this was the optimum.
Assays were performed in the absence and presence of 0.5 ttM benzyladenine, the concentration giving approximately half-maximal (46%) induction under standard conditions (8) . One hundred per cent induction was given by 5 
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Phosphate activation of betacyanin production is increased when part of the phosphate in a K2HPO4-KH2PO4 buffer is replaced by Na2HPO4 or NaH2PO4 (6) . These experiments with various phosphate buffer mixtures have been repeated (Table III) at the optimum pH for betacyanin accumulation (pH 6.8; Fig. 2 ). (Table III) is due to the operation of a NaK-ATPase. The classical inhibitor of this enzyme, ouabain, gave variable results depending on the Na+ and K+ concentrations. Little inhibition was shown in K2HPO4-KH2PO4 but, when the Na+/K+ ratio was increased, -50% inhibition resulted (Table  VII) . This is in agreement with the known characteristics of ouabain inhibition of NaK-ATPase (4, 10) .
Phloridzin is an inhibitor of Na+-dependent sugar transport (10) . The effect of phloridzin is complex in that it activates NaKATPase at low concentrations of K+ and inhibits as the concentrations of this ion are raised. In the betacyanin system low concentrations of the glycoside are synergistic with low concentrations of benzyladenine but higher concentrations are inhibitory (Table VIII) .
Sulfhydryl reagents have a range of effects which at least are compatible with effects on a NaK-ATPase (10) . N-Ethylmaleimide is a very effective inhibitor, as are HgCl2 and iodoacetamide (Table IX) . p-Hydroxymercuribenzoate is not inhibitory, and may even stimulate betacyanin accumulation. This compound is an effective inhibitor of NaK-ATPase only in vitro. DISCUSSION Potassium Requirement for Betacyanin Synthesis. Cytokinins and K+ appear to interact in the Amaranthus cytokinin bioassay in a way that is synergistic. The marked specificity shown for K+ in promoting cytokinin-dependent betacyanin synthesis supports a general mode of action for these plant hormones, depending on control of ion uptake. There are now known to be numerous biological responses which have a K+ requirement for cytokinin expression, or in which correlative changes in K+ can be demonstrated.
Cytokinin Involvement in Selective Ion Uptake. Selective effects of cytokinins on membrane permeability, resulting in increased intracellular K+/Na+ ratios, are associated with cell expansion in sunflower leaf discs and cotyledons (15, 16) . The cytokinin-induced increase in fresh weight in cucumber cotyledons is also accompanied by increased K+ uptake (34) . In the presence of IAA, zeatin greatly stimulates cell multiplication in cultured carrot explants, with a concomitant high K+/Na+ ratio (35) .
Biological Responses Showing Correlations between Cytokinin Effects and K+ Flux. The membrane model for the circadian clock identifies ions (particularly K+) and membrane-bound ion transport elements with the primary oscillations (23) . Cytokinins have been shown to modulate pyridine nucleotide pools as these pools undergo diurnal variations in sensescing wheat leaves (22) . Cytokinins also have been reported to alter the nyctinastic behavior of Albizzia (12), a phenomenon which appears to be a consequence of rhythms in K+ transport (33) . A further analogy between rhythmic K+ flux and cytokinin action can be drawn from recalling the effects of aminophylline on betacyanin synthesis (8) . This oxypurine derivative, at 5 mm, has been shown to inhibit betacyanin induction by 0.5 l1M benzyladenine by 50%o. It has also been shown (at 0.1-6.0 mM) to reduce the rate of opening of whitelight-promoted leaflet movement in Albizzia, and to inhibit K+ secretion from the dorsal motor cells (31) .
Finally, stomatal opening, following increased turgor produced in the guard cells by the osmotic pressure exerted by imported K+ ions, is controlled by a number of factors, among them cytokinins (3, 19) .
The circadian responses influenced by cytokinins are two of those which can also be modulated by phytochrome. These are rhythms in pyridine nucleotide levels (in seedlings of Chenopodium rubrum (36) , and nyctinasty in Albizzia (32) . Phytochrome appears to modulate behavior in these responses by activating channels for K+ transport through the membrane (33) . Cytokinins also show an interrelationship with phytochrome in a number of other biological systems (see 8 for references). In the case of betacyanin induction, the phytochrome-mediated response is also stimulated by K+ ions (Table IV) .
Metabolic Regulation by KV. The general pattern of cytokinin action correlating with K+ transport led to the suggestion that cytokinin effects depend on control of ion uptake, whether these be effects involving cell expansion or gene activation (5) . The increased level of K+, or changed ratios of K+/Na+, need not necessarily be due to a direct effect of cytokinin on ion transport elements but could be an effect on the synthesis or turnover of components of the presumptive membrane pump. In any case, the idea of K+ions as "second messengers" is not without foundation. There are many examples of metabolic regulation by K+. The activation of quiescent fibroblasts by serum (14) or of lymphocytes by mitogens or antigens (see 28 for references) exhibits a very similar picture in terms of increased K+uptake within minutes of stimulation, and blocking of the NaK-ATPase by ouabain results in the prevention of initiation of DNA synthesis. The provision of a critical ionic environment to trigger the events leading to DNA synthesis is seen as resulting from activation of the Na+K+ pump.
The level of intracellular K+ may be of great importance also for the regulation of protein synthesis (25) , gene activation (18) , and in-termediary metabolism (20, 24) .
Mechanism of K+ Uptake. The stimulatory effect of replacing part of the K+ in a K2HPO4-KH2PO4 buffer by Na+ (Table III) could have two possible explanations. One is related to the possibility of a Na+-dependent amino acid transport system, similar to that which occurs in bacterial and animal cells (30) . Since the supply of a betacyanin precursor is an essential component of the Amaranthus bioassay system, increased betacyanin may be due to increased tyrosine uptake, stimulated by Na+ ions. The other possibility is that the uptake system for K+ is via a Mg2+-dependent NaK-ATPase such as that found in sugar beet seedlings where specific ratios of Na+ to K+ were found to activate maximally (13) .
These findings are correlated with the fact that sugar beet can not utilize K+ unless Na+ is also present (9) . Although it appears to be accepted as a general rule that NaK-ATPases are only found in halophytes among plants, Amaranthus and Beta vulgaris are both members of the Centrospermae, and share the distinction of that order of containing betacyanin in place of the anthocyanin of other higher plants. Results with transport inhibitors and sulfhydryl reagents (Tables VI-VIII) in the present work lend support to the possibility of the Na+K+ pump existing in Amaranthus.
However, there may well be more than one K+ transport system present in plant cells (21) . The variability of response to ouabain (ref. 21 and Table VII) indicates that the state of the cell membrane (including pretreatments which may alter the balance of membrane lipids or proteins), and the conditions of testing, may well determine which system is operating.
The many biological responses to cytokinins which implicate K+ ions, together with direct effects of cytokinins on K+/Na+ ion transport as indicated above, suggests that one of the sites of cytokinin action is on a K+ transport system, either directly or by some effect on the maintenance and tumover of some component.
However the fact that benzyladenine can not be replaced completely by fusicoccin in stimulating betacyanin synthesis (5) suggests that benzyladenine has a second role to play in this induction process. More direct experiments on the effect on enzymes of the betacyanin pathway are being undertaken to elucidate this role, since it is clear that the many components making up the final response in betacyanin accumulation are all potential targets for control.
